Octadecylamine (ODA) is a well-known organic inhibitor for the corrosion protection of carbon steels. In the present study, electrochemical impedance data analysis was performed to extract physical parameters of the ODA thin film that formed on a P275 carbon steel surface. First, surface observations and contact angle measurements showed the steel surface modification after the ODA treatment linked to the adsorption of an organic hydrophobic thin film. X-ray photoelectron spectroscopy confirmed the presence of a very thin organic layer and revealed the presence of iron oxide/hydroxide underlying the ODA film. The impedance data analysis with a power-law distribution of resistivity in the organic film allowed the permittivity and thickness to be extracted. Finally, from the impedance results with and without ODA, the instantaneous corrosion inhibition efficiency was determined.
Impedance analysis of film-forming amines for the corrosion protection of a carbon steel 
Introduction
During shutdown periods of pressurized water reactors (PWR) for maintenance operation, strict and restrictive conservation conditions must be respected in order to preserve the secondary circuit of any oxidation phenomenon. Use of inhibitors, such as film-forming amines (FFA), is a promising approach to simplify the conservation conditions while reducing or stopping the corrosion of carbon steel, which constitutes the major part of the PWR secondary circuit [1, 2] . A key benefit of FFA is to improve the corrosion protection during start-ups and shutdowns of the PWR and, as a consequence, high steam quality can be obtained quicker during start-up, leading to significant economic benefits [1] . Even though FFA have been used successfully for decades to treat water in industrial power plants [3] , its behaviour is not well understood as well as the physical characteristics of the film formed on the carbon steel surface. Octadecylamine (ODA), CH 3 (CH 2 ) 17 NH 2 , one of the simplest FFA molecule, has been used for steel protection in nuclear power and fossil fuel power plants for many years [1,3e12] . The molecule has both a hydrophilic head and a hydrophobic tail, which after the film formation creates a physical barrier that impedes water, oxygen or other corrosive agents to reach the metal surface and also probably prevents iron dissolution (anodic and cathodic effects). The protective film is often described as a monolayer formed on the steel surface [2, 10, 13, 14] but proof of its thickness has never been provided. The determination of the film thickness would be of great interest to better control the ODA injection in the secondary circuit. However, in situ determination of organic ultrathin films thickness remains quite challenging, moreover on rough surfaces [15e18] . Mechanical and optical profilometry are not sensitive enough to investigate the film thickness at a submicrometric scale. Other optical techniques, such as ellipsometry, require the knowledge of physical quantities (refractive index, for example) and the use of modelling to extract the film thickness from the experimental data [18] . Atomic force microscopy (AFM) can be used for in situ determination of very thin film thickness but the measurements are strongly sensitive to the substrate roughness. For an ODA film deposited on mica, Patil et al. have measured, by AFM and in humid conditions, a thickness of about 20e30 nm [18] . On the other hand, x-ray photoelectron spectroscopy (XPS) and secondary ion-mass spectroscopy (SIMS) are powerful ex situ techniques that allow surface characterization and thickness measurement at a nanometric scale. However, the erosion rate, which depends on the material, must be known for an accurate thickness determination.
Electrochemical impedance spectroscopy (EIS) is a widely used technique for the assessment of the corrosion protection by inhibitors and coatings. This technique allows in situ measurements in controlled experimental conditions, which can be representative of real environment [19e22] . Recently, good agreement has been found between results obtained from EIS data and XPS analysis for the determination of a thin oxide layer thickness [23e28] .
The aim of the present work was to determine the thickness of an ODA film formed on a carbon steel surface at 80 C in an alkaline solution. These pH and temperature conditions are close to that encountered in the PWR secondary circuit. First, the film formed on the carbon steel electrode was characterized by ex situ observations and XPS analysis. Then, the impedance diagrams obtained in the solution in the presence of ODA was compared with a model to determine the thickness and the dielectric permittivity of the organic film. From the impedance diagrams obtained at the corrosion potential, with and without ODA, the instantaneous corrosion inhibition efficiency was assessed.
Experimental

Materials
The P275 low carbon steel was supplied by EDF (France) as representative material of the PWR. Its composition is reported in Table 1 . The steel sample was machined to obtain a cylindrical rod of 1.13 cm in diameter (surface area ¼ 1 cm 2 ). The lateral part of the rod was covered with a heat-shrinkable insulating sheath, leaving only the tip of the carbon steel in contact with the solution. The steel surface was wet ground with silicon carbide (SiC) papers down to grade 4000, ultrasonically cleaned with ethanol, rinsed with deionized water and dried.
The chosen FFA was octadecylamine (ODA) in the form of ODACON ® , a commercial emulsion (z50 g/L FFA) supplied by REICON™.
The electrolyte solution was prepared from deionized water by adding Na 2 SO 4 
10
À3 M (analytical grade). The pH of the solution was adjusted at 10 with ammonia (99.99%). The choice of this medium was based upon its low electrical conductivity, close to that encountered in industrial water circuits, its low corrosiveness toward carbon steel and because it is an easily reproducible baseline solution. The same solution was used for the film formation and for the electrochemical impedance measurements.
Film formation
The optimum conditions (ODA concentration, temperature, pH of the solution, immersion time and electrode rotation rate) to achieve a homogeneous film formation were determined from preliminary experiments. In the present work, the chosen experimental conditions are reported in Table 2 . With these parameters, a protective ODA film was formed on the carbon steel surface in less than 30 min.
For the surface analysis (optical observations, contact angle measurements and XPS), the samples were removed from the electrolytic solution and kept in contact with air. For the electrochemical measurements, after the film formation according to the conditions reported in Table 2 , the cell was left at room temperature and all the parameters were kept constant. The diagrams were obtained after 2 h of immersion in the same electrolyte. The sample after the film formation is henceforth called the ODA treated sample.
Surface characterizations
Optical observations were performed with a binocular and an Olympus PMG3 optical microscope. The contact angles were measured at room temperature using a Digidrop Contact Angle Meter from GBX Scientific Instruments. The protocol consisted in depositing a deionized water drop of an accurate volume of 2 mL on the sample surface (bare carbon steel surface or ODA treated sample) and then measuring the static contact angle, 60 s after the drop deposition. To assess the homogeneity of the surface properties, 20 measurements were performed on different locations over the samples surface.
The chemical composition of the film formed on the carbon steel surface was determined using XPS analysis carried out on a K alpha Thermo Scientific Spectrometer. The specimens were irradiated with a Al-Ka radiation (hy ¼ 1486.6 eV) from a monochromatized source and the x-ray spot was approximately 400 mm in size. Angleresolved measurements were made at a take-off angle q ¼ 90 (e.g. normal to the sample surface). For the surveys spectra, pass energy was fixed at 160 eV and at 40 eV for high resolution spectra. The energy calibration was made using the Au 4f 7/2 (83.9 ± 0.1 eV) and Cu 2p 3/2 (932.8 ± 0.1 eV) photoelectron lines. XPS spectra were recorded in direct N(Ec). Background signal was removed using Shirley method. The binding energy scale was established by referencing the C 1s value of adventitious carbon (284.9 ± 0.1 eV). The photoelectron peaks were analysed by Gaussian/Lorentzian (G/ L ¼ 30) peak fitting. Flood gun was also applied for avoiding charge effects. The analyses were performed on two ODA treated samples and at various locations to verify the homogeneity of the layer.
Electrochemical measurements
The electrochemical measurements were performed with a conventional three-electrode cell with a saturated sulphate reference electrode and a platinum grid, as counter electrode. The working electrode consisted of the carbon steel rod. The rotation rate was fixed at 500 rpm. Electrochemical impedance measurements were performed using a Solartron 1286 electrochemical interface connected to a Solartron 1250 frequency response analyser. Impedance diagrams were obtained under potentiostatic regulation at the corrosion potential (E corr ) in the frequency range of 65 kHz to 10 mHz with 8 points per decade, using a 15 mV rms sinusoidal voltage. Impedance data beyond 6.5 kHz were not taken into account due to experimental artefacts [29] . The obtained impedance diagrams were always consistent with the KramersKronig relations [30e32]. Data modelling was carried out with a non-commercial software developed at the LISE CNRS (Paris). 
Impedance diagrams analysis
The impedance results for the ODA treated sample were analysed in two successive steps in order to determine the organic film thickness. The first approach was based on graphical methods, independent of any physical model [23, 33, 34] . The second approach was focused on the use of the power-law resistivity model developed by Hirschorn et al. [35, 36] . Both methodologies are briefly recalled in the following sections.
Graphical methods
The impedance results are commonly analysed by using electrical equivalent circuits (EEC). However, it is observed that resistances and capacitances, which are associated with different steps of the corrosion process, inhibitor or coating properties do not accurately describe the experimental impedance data. In these cases, constant phase elements (CPE) were used instead of capacitances to take into account the non-ideal behaviour of the system.
The CPE impedance is expressed in terms of model parameters a and Q as:
with u ¼ 2pf. The a parameter can be extracted by plotting the logarithm of the imaginary part of the impedance (Z j ) with respect to the logarithm of the frequency (Eq. (2)) [33] . Q is expressed as a function of a and impedance data (Eq. (3)):
In the case of a 3D dielectric layer on a conducting electrode surface, the CPE parameters can be directly related to the physical properties of the layer. For oxide films or organic coatings, the capacitance of the layers can be extracted from the impedance data by using the complex-capacitance representation [23e25, 34, 37] .
The value of the electrolyte resistance, R e , must be accurately determined from extrapolation at high-frequency on the real axis of the Nyquist diagram to correctly represent the complexcapacitance plots. Once the capacitance of the layer, C f , is known, the layer thickness, d f , can be calculated from the relationship:
where ε is the permittivity of the film and ε 0 , the permittivity of vacuum. It is noteworthy that with an accurate estimate for the electrolyte resistance a modified Bode representation, corrected from the ohmic drop, can be obtained from the following relationships (Eq. (6) and Eq. (7)). This allows the CPE behaviour to be clearly observed in the high-frequency domain.
where Z r and Z j are the real part and the imaginary part of the impedance.
Power-law resistivity model
Recently, different studies suggested that the origin of the CPE behaviour observed with oxide films or organic coatings may be the consequence of a normal distribution of their resistivity along the film thickness according to the model developed by Hirschorn et al. [35, 36] . The resistivity rðxÞ, with x ¼ x d , is expressed (Eq. (8)) as a function of the layer thickness, d, the depth, x, in the layer, the boundary resistivity values r 0 and r d at the metal/film interface (x ¼ 0) and at the film/electrolyte interface (x ¼ d) and g which is derived from the CPE parameter a such as a ¼ ðgÀ1Þ g .
The corresponding impedance can be determined by using an integral expression:
Regression of EIS data with the power-law model allows the extraction of physical parameters related to the film, such as the permittivity, the thickness and the resistivity values r 0 and r d at the interfaces which are not easily accessible by other techniques. According to Hirschorn et al. [35] , for a frequency lower than
, an analytical expression of the impedance of the film can be written as:
Where
This impedance shows a CPE behaviour in the high-frequency range (f < f d ) with a and Q as parameters and
with r d , the resistivity at the film/electrolyte interface as discussed above.
The resistivity at the metal/film interface r 0 can be calculated by using the characteristic frequency, f 0 , graphically determined at the maximum of the imaginary part of the impedance:
4. Results and discussion 4.1. Morphology and hydrophobicity of the samples surface Fig. 1 shows the carbon steel surface after 30 min in the electrolyte at 80 C with and without ODA. Without ODA, corrosion products with the shape of hydrodynamic pattern are observed (Fig. 1a) . Similar photographs, taken in situ, for the corrosion of pure iron in neutral chloride solutions, have shown that with increasing immersion time (24 h), the corrosion led to the formation of porous layers which progressively decreased the active area of the bare metal [38] . In the presence of ODA, the carbon steel surface is not attacked but covered with scattered small round clusters (Fig. 1b) .
Their dimensions ranged from 0.1 to 5 mm (Fig. 1c) . Raman spectroscopy analysis (results not shown) have revealed that the clusters are made of bulk ODA. From these photographs, it can be assumed that ODA molecules covered the entire carbon steel surface.
Contact angle measurements were performed on the bare carbon steel surface and on the ODA treated sample. The results are shown in Fig. 2 . For the bare steel, the surface presented a hydrophilic character with a contact angle value of 39 ± 5 (Fig. 2a) . For the ODA treated sample (Fig. 2b) , the contact angle value is 93 ± 2 showing that the surface lost its hydrophilic character, which is a well-known effect of the ODA adsorption [1] . The weak variation of the contact angle for the ODA treated sample (Fig. 2b) indicates that the hydrophobic film is homogeneous even in the presence of ODA aggregates on the surface. Fig. 3 shows the surveys spectra for the bare carbon steel surface (Fig. 3a) and for the ODA treated sample (Fig. 3b) . On Fig. 3b , independently of the sample and of the analysed area, the spectra are superimposed and Fe, O, C and N peaks are observed confirming a homogeneous coverage of the carbon steel surface by the ODA molecules. The N signal is not observed in Fig. 3a , and in contrast, in Fig. 3b , the small N peak and the intense C peak are associated to the presence of the ODA molecules. Fig. 4 displays the high resolution spectra of N 1s, C 1s, Fe 2p3/2 and O 1s. The binding energies for the different signals are summarised in Table 3 as well as the chemical composition of the surface (in at. %), calculated from the peak area.
XPS analysis
The N 1s spectrum exhibits two peaks at 399.5 eV and 401.1 eV which can be assigned to the NH 2 [39e42] and NH 3þ [17, 43, 44] groups, respectively. The binding energy difference between NH 2 and NH 3þ (1.6 eV) is in agreement with previous studies [43, 44] .
The same binding energy has been reported for NH 2 NH 2 (C 6 H 4 )O(C 6 H 4 )NH 2 /Ag [41] and ODA on graphene oxide substrate [42] . The C 1s spectrum displayed three peaks: the first one at 285 eV can be ascribed to the aliphatic CeC bond of the ODA molecule [42] . The second one at 286.1 eV is attributed to CeO and CeN bonds. The third, small peak at 288.3 eV is characteristic of CeN bonds in amides or O]CeO bonds [42] which would be due to surface pollution. For the Fe 2p spectrum, a first peak appears at 706.3 eV due to metallic iron and a second peak, beyond 710 eV, relates to iron oxides [45] . The O 1s spectrum is composed of at least two peaks: one at 529.7 eV relates to O 2À (iron oxides) [44] , and a second one at 531.5 eV attributed to the OH À ions [46] . A small peak at 532.4 eV would be linked to the surface pollution. Fig. 3 . XPS survey spectra of: (a) the bare steel surface and (b) the ODA treated sample surface. In Fig. 3b , the spectra were obtained for two samples and on different locations. Table 3 . This difference might be due to the surface pollution which increased the CeC contribution.
From the XPS analysis, both the signal from the organic molecules and from the substrate were observed. This indicated that the organic film thickness ranged from 2 nm (thickness of an ODA monolayer) to about 10 nm. This limit value was estimated from the short inelastic mean free path, l, of electrons in condensed materials (about 3 nm).
The major part of the signal is contained in a depth of 3l [47] , and therefore cannot exceed 10 nm. It must be also mentioned that a spontaneous film thickness reduction, known as "ripening" occurs when ODA self-assembled layers are in contact with air [18, 43, 44] . Besides, weakly adsorbed multilayers in the electrolyte may be damaged during the electrode removal from the solution [16] .
EIS measurements
Graphical method analysis
Impedance spectra for the bare carbon steel and the ODA treated sample are presented in Fig. 5 . The Nyquist diagrams (Fig. 5a) show depressed capacitive loops. For the non-treated sample, only one loop is observed. On the Bode plot (Fig. 5c ), the symmetrical shape of the diagram did not indicate the presence of additional timeconstants. For the ODA treated sample, the first loop at highfrequency, between 10 4 and 10 1 Hz, characterizes the organic film. This time constant is only visible on the phase angle in the presence of ODA (Fig. 5c) . The second capacitive loop, between 10 1 and 10 À2 Hz, can be attributed to the processes occurring at the metal/film interface. It was checked that the second loop was little dependent of the electrode rotation rate (diagrams not shown) indicating that this time constant is not due to diffusion phenomena in the solution. First, the impedance data analysis focussed on the highfrequency time constant obtained for the ODA treated sample. Fig. 6 displays the impedance diagram in Bode coordinates corrected from the electrolyte resistance. On the phase angle plot and at high-frequency, a plateau is observed, characteristic of a pure CPE behaviour. The phase angle value on the plateau is q ¼ 68 . Thus, the CPE parameter a f , is equal to 68:90 ¼ 0.75. Fig. 7 presents the complex-capacitance plot corresponding to the curve presented in Fig. 6 , obtained from Eq. (4). The extrapolation of the high-frequency data to the real axis does not allow an accurate determination of the capacitance. However, it is possible to estimate a film capacitance value (C f ) between 0.1 and 0.2 mF cm À2 . Then, the film thickness can be obtained from Eq. (5).
The permittivity of the ODA film is not known. In the literature, permittivity values of self-assembled surfactants were reported and the values ranged from 2 to 3 [48e53]. A value of 2.7, found for bulk ODA [53] , was used in Eq. (5) to calculate the film thickness. From the estimation of the film capacitance, the ODA film thickness varied from 12 to 22 nm.
As already mentioned, the high-frequency time constant revealed a non-ideal behaviour described by a CPE (Fig. 6) . The CPE parameters (a f and Q f ) were also graphically determined (Fig. 8) . Fig. 8a shows that the absolute value of the slope is 0.75, in agreement with the a f value determined from Fig. 6. In Fig. 8b , the horizontal asymptote provides the Q f value (4.14 mF cm À2 s (aÀ1) ). It was assumed that the CPE behaviour of the metal/ODA film/electrolyte interface was the result of a power-law dependence of the organic film resistivity; thus, the r d value can be framed by using Eq. value can be calculated using Eq. (13) with the value of f 0 ¼ 65 Hz (f 0 is the characteristic frequency at the maximum of the imaginary part of the impedance determined in Fig. 8a ). All the graphically determined parameters were reported in Table 4 .
Impedance analysis with the power-law model
The high-frequency part of the diagram (6.5 kHze65 Hz) was regressed from the integral expression of the power-law model (Eq. (9)). The best fitted curve is shown as dotted line in Fig. 7 . A good fitting was achieved with a general sum of the deviations between experimental and calculated spectra c 2 ¼ 0:36. The regression procedure provided numerical values of the adjustable parameters (a f , r 0 , r d , ε f and d f ) relevant to the ODA film. These values were reported in Table 4 for comparison with the graphically extracted parameters. A good agreement is obtained between the two procedures ( Table 4 ). The film thickness obtained from the power-law model was equal to 16 nm and the permittivity value was close to the one found in the literature [53] . The values of r 0 , r d and a f were used to calculate the in-depth profile of the steel/ODA film/electrolyte interface (Eq. (8)). The result is shown in Fig. 9 . A high resistivity area (r 0 ¼ 1 Â 10 10 U cm) is observed in a region close to the metal/film interface. This 2 nm thick layer might correspond to a close-packed ODA monolayer, considering a tilt angle of the ODA aliphatic chains of roughly 15 [43] . Beyond the 2 nm layer, the resistivity decreases to reach a minimum value of 1.6 Â 10 6 U cm at the film/electrolyte interface. These results would indicate a strong interaction between the first ODA layer in contact with the carbon steel surface (or the iron oxide/hydroxide layer). The additional layers would be less compact due to weaker interactions.
Corrosion inhibition efficiency
The ODA film formed on the carbon steel surface was assumed to be strongly adsorbed due to the high resistivity at the carbon steel/ODA film interface (Fig. 9) . However, the low impedance values obtained after treatment would be indicative of the presence of porosities in the organic film (through pores). The corrosion process would occur on a reduced surface area. Thus, the second time constant on the impedance diagram for the ODA treated sample can be attributed to the charge transfer process at the bottom of the pores. The impedance diagram for the bare carbon steel and the low-frequency part of the diagram for the ODA treated sample were analysed and discussed below.
The parameters associated to the low-frequency capacitive loop, Q dl and a dl , as well as the electrolyte resistance, R e , and the charge transfer resistance, R t , for the bare carbon steel were graphically determined. For the ODA treated sample, the Q dl and a dl parameters could not be graphically determined due to the strongly depressed capacitive loop. An equivalent circuit (R//CPE) allowed an easier determination of the parameters associated with the lowfrequency loop (Fig. 10) . The R e , R t , Q dl , and a dl values are reported in Table 5 . A value of a dl ¼ 0.44 was obtained for the ODA treated sample. This value appeared abnormally weak and may be attributed to a porous electrode behaviour including the formation of pits at the bottom of the pores of the ODA film. Similar low values have been reported in the literature [54] . From the CPE parameters, the double layer capacitance (C dl ) value was calculated, considering a 2D distribution of the charge transfer resistances on the electrode surface, by using the Brug formula [55, 56] :
The C dl values were 100 mF cm À2 and 12 mF cm À2 for the bare carbon steel and for the ODA treated sample, respectively. The capacitance for the bare carbon steel is in the range of a doublelayer capacitance (z50 mF cm À2 ) [25] .
The ratio of the capacitances for the bare carbon steel and the ODA treated sample gave an insight about the accessible surface area at the bottom of the through-pores of the ODA film. A value of 12% was obtained. The R t values were used to calculate the instantaneous inhibitive efficiency (IE) according to the following equation:
with R inh t ¼ 11720 U cm 2 , the charge transfer resistance for the ODA treated sample and R 0 t ¼ 1175 U cm 2 , the charge transfer resistance for the bare carbon steel. The calculated IE was equal to 90%, in good agreement with the capacitances ratio. It was shown that the high-frequency CPE behaviour observed for the ODA treated sample can be successfully analysed by a power-law resistivity model linked to the resistivity variation in the ODA layer (non-through pores). On the other hand, the lowfrequency CPE behaviour was attributed to the double-layer capacitance at the bottom of the pores. The impedance of the through-pores is usually represented by a resistance, R pore , associated to the electrolyte resistance in the porosity. Thus, the equivalent circuit commonly used for organic coatings (Fig. 10) , appeared appropriate to describe the electrochemical behaviour of the ODA treated carbon steel [57] . In Fig. 10 , the experimental data are in perfect agreement with the fitted data (c 2 ¼ 0.32).
Similar results (ODA film thickness, permittivity, resistivity profile and inhibitive efficiency) were obtained with another type of steel (100C6 grade) showing that this procedure was reproducible for characterizing thin films behaviour on carbon steel electrodes.
Conclusions
In the present study, the physical description of an ODA film formed on a carbon steel surface has been carried out by ex situ (optical observations, drop angle measurements and XPS analysis) and in situ measurements (electrochemical impedance spectroscopy). From the XPS analysis, the film thickness in dry and vacuum conditions was estimated between 2 and 10 nm. The impedance data were analysed with a power-law model to describe the nonideal behaviour of the system and to extract quantitative parameters, such as the dielectric film permittivity and the film thickness. All the regressed parameters were in agreement with those graphically estimated. The (in situ) film thickness was about 16 nm, in the same order of magnitude than that estimated from (ex situ) XPS analysis. The in-depth resistivity profile highlighted a narrow part of high resistivity at the steel/ODA film interface. It was shown that approximately 10% of the carbon steel surface was accessible to the electrolyte, in agreement with an instantaneous inhibitive 0. 44 12 efficiency of about 90%. This work, based on both the use of graphical methods and of the power-law model for impedance data analysis, gave new insights and methodologies for the in situ characterization of organic thin films on conductive surfaces.
